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Introduction
[2] The UK Climate Change Act of 2008 calls for a reduction in greenhouse gas (GHG) emissions of 80% by 2050, and a reduction in Carbon dioxide (CO 2 ) emissions of at least 34% by 2020 [Ostle et al., 2009] . Although fossil fuel and agricultural emissions are major contributors to these high concentrations of atmospheric GHGs, the importance of carbon fluxes from soils, and their contribution to either increasing or reducing atmospheric concentrations must not be overlooked. The fact that soils store 1550 Pg C globally in the top 100 cm [Lal, 2008] emphasizes their importance in the global carbon cycle. Although it is recognized that this stock is very large, there is still a lot of uncertainty regarding the precise amount, with estimates ranging from 1000 to 3000 Pg C [Schwartz and Namri, 2002] . This uncertainty and the difficulty in quantifying global stocks stems from the use of different databases, prediction at different scales, and the spatial variability in SOC stocks [Su et al., 2006; Bell and Worrall, 2009] .
[3] Recent studies on stock changes in the soils of England and Wales suggests that soil organic carbon (SOC) losses to the atmosphere could be increasing [e.g., Bellamy et al., 2005] , although the extent to which this is due to climate change is not clear [Smith et al., 2007a] . These reported losses refer to agricultural areas where land use has remained constant over time.
[4] Our study aims to establish the role that changing landuse has had on SOC stocks and fluxes, and to therefore clarify the likely contribution that this flux has made to UK atmospheric GHG emissions over the last 80 years. The findings will help to quantify the impacts of land use change in order to guide land-use change decisions in the future.
Although some studies suggest that SOC loss has increased where land-use has remained constant [Bellamy et al., 2005] , these losses may have been counteracted by changes in landuse over this period in other areas. It may therefore be incorrect to assume that because SOC loss has increased over time under land-use that has remained constant, that the relative contribution of CO 2 emissions from soils to atmospheric CO 2 concentrations has increased.
[5] Although several attempts have been made to estimate fluxes from SOC, and establish the environmental, climatic and land-management controls on this SOC stock, there is still a lot of uncertainty over the exact extent of this stock, and the processes by which gains/losses occur [Schulp et al., 2008] . The general consensus is that land-use plays a major role [Scott et al., 2002] , with soils acting either as a carbon sink or a carbon source as they adjust to a new SOC content following land-use change [Guo and Gifford, 2002] , but uncertainties in the magnitude of change remain. It is widely accepted and reported that SOC stocks differ under different land-uses, and that carbon is released during conversion from grassland or forest to arable land, and accumulated following land-use change in the opposite direction [Howard et al., 1995; Zaehle et al., 2007; Post and Kwon, 2000; Veldkamp, 1994; Guo and Gifford, 2002] . There are also large variations in reported transition times for SOC to adjust to a new concentration as a result of land-use change. Some studies assume linear transitions in soil carbon for all land-use changes over time periods of less than 20 years [e.g., Maia et al., 2009] , while others have adjusted these to longer time periods [e.g., Tomlinson and Milne, 2006] , and others assume instant change [e.g., Falloon et al., 2006] . The advantages of this current modeling study are that it utilizes SOC values taken from a large database, therefore increasing the range of conditions under which SOC was measured, and it also takes into account the variation in transition times between SOC values when land-use change occurs. The model is therefore an advance on the IPCC guidelines of using a single value of 20 years for duration of change [Smith, 2004] , and should provide a better estimate as to how flux from SOC responds to land-use change.
[6] Previous methods to assess the impact of land-use change on SOC have taken the form of field measurements and computer modeling, with the development of several empirical and process-based models in recent years. Although many process-based models have been validated to show their ability to adequately simulate measured data at individual field sites [Cerri et al., 2007; Coleman et al., 1997; Kaonga and Coleman, 2008] the requirement for detailed input data relating to crop inputs, soil conditions, and environmental variables, means that much of the data needed to run these models is not available for the whole of the UK from 1925 to 2007. The direct measurement of SOC fluxes in the field has increased in recent times; however, there is no record of measurements having been taken as far back as 1925, meaning that flux estimates for this period cannot be made using this data. This study recognized the requirement for a less input intensive model capable of predicting historical SOC fluxes for the UK.
[7] The approach taken by this study allows us to assess the role of land-use change on the emission or sequestration from, or to, SOC, and to investigate whether some land-use changes will increase SOC fluxes to the atmosphere, but can still be undertaken if a simultaneous land-use change will counteract this flux. According to Powers [2004] , there is a lack of studies looking at the effect on SOC of simultaneous land-use transitions. The approach will also allow investigation of the effects of using SOC values collected from different data sets and different locations when applying these values to a large scale study. Most importantly, the model will provide an estimate of the historical sequestration/emissions of carbon from/to the atmosphere, and the contribution of land-use change and its impact on SOC to the changes in GHG concentrations.
[8] Due to the nature of this study, and the aim to assess the contribution of historical land-use change to SOC change, it is not possible to know the vegetation carbon inputs and site specific conditions required by process-based computer models. A further aim of this study was to produce a model which could be used to guide land-owners on how past and future land-management has affected/will affect SOC stocks. It was therefore hoped that the model could be used at regional scales, to assess the impacts of land-use change over large areas. As such it was decided that the SOC concentrations used should be representative of the UK, and not specific to different regions or soils. The model is designed to be used by those without the computational ability to run memory intensive process-based/dynamic models and without training in computer programming languages, as is required to run many other SOC models [Easter et al., 2007] . The requirement in process-based models for input data on soil physical properties (soil moisture, temperature, porosity etc.) and daily or monthly air temperature, rainfall and potential evapotranspiration [Nieto et al., 2010; Pumpanen et al., 2003] means that the historical and large scale modeling of this study could not be undertaken with such packages.
Approach and Methodology
[10] Howard et al. [1995] explain that future SOC stocks following a change in land-use can be projected using a matrix of land-use change over time and a record of SOC stocks for particular land-uses. This approach is used in the current Land Use, Land-Use Change and Forestry (LULUCF) inventory for the UK, and is also employed here. The LULUCF estimates of SOC change are however based on SOC stock values for the top 30 cm of soil, as opposed to the top 20 cm of soil in this study, making comparison of results difficult. This study considers how SOC stocks in the past have been affected by land-use change, and therefore allows us to assess the extent to which land-use change has contributed to the UK's GHG emissions over the last 8 decades.
[11] The modeling of historical fluxes of carbon from UK soils required the following information: typical SOC stocks for soils under all land-uses present in the UK, the transition time over which SOC concentrations adjust to a new SOC concentration following all land-use changes; the UK's landuse change history and direction of land-use change. These data sets and their application are described in the following sections.
SOC Flux Model
[12] The assumption was made that all SOC transitions followed first order rate kinetics. The model does not make any account for climate change over the period to enable the extent of land-use change contributions to SOC emissions, and hence to GHG emissions to be established. All %SOC values refer to the top 20 cm of soil.
[13] The approach taken here considers each transition between any combination of land-uses as a first-order kinetic process, and then that the flux from the soils is the interannual change in the soil carbon stock. The SOC stock for each year was calculated using equation (1) and equation (2).
Where: F t = the flux of carbon from the UK soils in year t (tons C); S dt = the carbon stock in UK soil to depth d in year t (tons C); d = the depth of the soil layer considered (m); A j = the area of land use j that transitions to land use i (m 2 ); C x = the organic carbon content of the soil in land uses i and j (%). r bx = the bulk density of land uses i and j (kg m À3 ); l = the time constant for transition between land uses i and j (yr À1 ); and K = conversation factor for equalizing units. Note that this equation is written such that negative flux (F t ) is equivalent to carbon loss from the atmosphere and addition to soil.
[14] The model was run stochastically with 100 values drawn at random based upon a uniform distribution from the ranges obtained for SOC concentration, the median values for bulk density and the median value for land-use transition decay constants.
Soil Carbon Stocks by Land-Use
[15] Calculation of SOC stocks required information on SOC concentrations and the bulk density of soils under different land-uses, as well as the depth of soil to which the SOC stock was to be calculated. All values used throughout this study refer to SOC stock change in the top 20 cm of UK soils, as this is the depth of soil in which SOC is likely to respond to land-use change [Woomer et al., 2001; Cheng and Kimble, 2001; Kimble et al., 2001] .
[16] Several different land-use classification schemes exist for the land-uses found in the UK, depending on the database in which they originate. Although classified in different ways, it was considered that the majority of these land-uses are very similar in both character and SOC concentration, and could therefore be re-classified into a uniform system, so that land-use transition matrices could be constructed. The land-use classification system chosen in this study consisted of 5 categories: Arable; Temporary grassland; Permanent grassland; Woodland and Urban. These were chosen under the assumption that the majority of land-uses could be assigned to one of these categories without difficulty, and that they were representative of the majority of land-uses covered in the databases. Due to classification differences between databases, an element of subjectivity was involved in selecting which land-use classifications to include in the broad land-use categories used here. Although this subjectivity is a limitation which must be considered when interpreting the results, it was considered that modeling on a scale as large as the UK would become much more difficult if a greater number of land-use classes were ascribed. Previous modeling studies have used a similar number of landuse categories when modeling UK soil carbon stocks/fluxes [e.g., Bradley et al., 2005; Smith et al., 2010] and SOC concentrations are often classified in broad land-use categories [Milne and Brown, 1997] .
[17] A database of SOC concentrations, containing a total of 24,777 soil samples was used to establish typical SOC concentrations for soils under these land-uses in the UK. This large database was amalgamated from 15 individual databases, some covering all areas of the UK, and others specific to individual countries or regions. The databases used were: National Soils Inventory (NSI) [Falloon, 2002] , National Soils Inventory Horizon data (NSI horizon) [Falloon, 2003] , National Soils Inventory 1984 survey (NSI 1984) [Loveland, 1990] [Webb et al., 2001] , Scottish Executiveestimating carbon in organic soils (ECOSSE) [Smith et al., 2007b] , National Soils Inventory Scotland (NSIS) [Lilly et al., 2009] [Milne et al., 2007; Tomlinson and Milne, 2006 ], Northern Ireland Inventory 1995 (NI 1995 [Milne et al., 2007; Tomlinson and Milne, 2006] , Wallington [Bell and Worrall, 2009] , Wimpole (M. Bell, unpublished data set, 2009) and English Nature Woodland data (EW Wood) [Chambers et al., 1998 ]. Median and inter-quartile ranges were calculated for both the amalgamated and individual databases for all land-uses under consideration.
[18] All databases included the category arable and selection for this classification was straightforward. Eight of the databases did not include any soil samples from a land-use similar or representative of temporary pasture, therefore these databases were not included in this category, and for all model runs using individual databases in which this occurred, the median, and inter-quartile ranges from the amalgamated database were used. The same was true when any databases did not include any soils representative of permanent pasture or woodland.
[19] The SOC concentration of urban land is debatable and is often assumed to be zero if the soil is removed during urban land conversion, and that built up areas contain no soil . Others argue, however, that it will approximate the value of the land-use from which it was transformed [Howard et al., 1995] . As none of the databases used here contained samples taken from a land-use representative of urban land it was assumed that a SOC concentration of 0% could be applied, based on the idea that all topsoil would be removed during ground preparation and foundation establishment. This assumption implies that all urban land is built-up, however some areas of land classified as urban may be used for recreation: parks, gardens, golfcourses, etc. These are land-uses which could be expected to retain original concentrations of SOC, and as such the limitations of assuming an urban land SOC concentration of 0% must be considered in all analysis.
[20] Data on soil bulk density was obtained in the same way as that for concentration, by amalgamation of all databases, with a median value established for each land-use in question. Although it is recognized that soil bulk density varies greatly, it was thought that use of a median value for each land-use would provide the most accurate results, as the stochastic nature of the model means that it randomly selects SOC concentrations for each specific land-use from the inter-quartile range. Stochastic selection of both bulk density and SOC concentration could result in unusually high/low SOC contents being predicted if a value at the top/bottom of the range for both SOC concentration and bulk density was selected. For this reason it was considered best to use only median values for bulk density.
[21] The amalgamated soil carbon database used in this study includes soil samples taken from all over the UK. The inter-quartile range of land-use specific SOC concentrations from which the model randomly selects is likely therefore to include samples taken from a very large range of climatic, altitudinal and soil textural conditions -all factors which can result in differing SOC stocks [Krishnan et al., 2007; Yang et al., 2008] . Due to a lack of knowledge concerning exact locations associated with the land-use change in question it was concluded that using these UK-wide values was the best approach to take. In an ideal situation land-use change would be modeled using precise information on the geographic location of the land-use change and SOC concentrations typical of that altitude and climate, but this would require much greater input data and computer processing capabilities. The model used in this study is run 100 times and extracts SOC concentrations from the interquartile range of the database and will thus have selected samples taken from a wide range of geographic locations, therefore providing a representative simulation of how land-use change in the UK will influence SOC emission/ sequestration. As this model is intended to be used at a large scale and by users without access to high level computer programs and modeling packages this was considered to be the best approach to take. Although it is realized that organic soils and mineral soils have very different SOC stocks and respond differently to land-use change it was not possible to identify exactly which land-use changes occurred on which soil types. The approach of selecting from an interquartile range of land-use specific SOC concentrations from the UK-wide database means however that the majority of soil type/land-use combinations will be represented in the model simulations. A land-use change from pasture to woodland on mineral soils for example would likely result in sequestration of atmospheric carbon to SOC, whereas the same land-use change on organic soils could in-fact cause a release of SOC to the atmosphere. In this study the use of SOC values taken from a range of both mineral and organic soils means that the median and inter-quartile range values will have accounted for e.g., both these higher and lower SOC values under woodland compared to pasture.
[22] A median SOC value and inter-quartile range was calculated for all land-uses, for both the amalgamated database and each database individually.
UK Land Use History
[23] The change in area of land-use for the UK over the period 1925 to 2007 was reconstructed using data from several sources. The initial year of 1925 was used as this was the year of formation of the UK within its current borders. Land-use information (area of arable crops, temporary grassland, permanent grassland, bare fallow, rough grazing, common rough grazing, set-aside and urban) was available for the UK from the Ministry of Agriculture, Fisheries and Food, and the Department of Environment, Food and Rural Affairs [Ministry of Agriculture, Fisheries and Food, 1926-2000; Department for Environment, Food and Rural Affairs, 2001-2008] . Information on the area of woodland over this period was available from the Forestry Commission [Forestry Commission, 2007] . This woodland data was however only available for the years 1924, 1947, 1965, 1980, 1990, 1998-2002 and 2008 . To get an annual estimate of woodland area linear interpolation was used between survey dates. If this assumption of a linear change in woodland area between survey dates is incorrect, and the change occurred at a faster or slower rate, then the change in SOC stocks predicted by the model will inherit these inaccuracies. This is a limitation which must be considered throughout all analysis.
[24] The land-use data provided by these sources was, as was the case with the SOC databases, classified differently to those chosen in this study. In order to fit the categories arable, temporary pasture, permanent pasture, woodland and urban the following land-use categories from the original databases were grouped as follows: arable crops, bare fallow, set aside = arable; temporary grass = temporary grassland; permanent grass, rough grazing, common rough grazing = permanent grassland; woodland = woodland; urban = urban.
[25] Although information on land-use change covering the period 1925 to 2007 was available, this only provided detail on the change in area of each individual land-use, and did not reveal the direction of land-use change from and to another land-use. Information in the literature [Adger and Subak, 1996; Adger et al., 1992] was used to allocate which land-uses were likely to convert to other land-uses. In some situations the direction of land-use change could confidently be estimated simply by observing a simultaneous increase/decrease of similar magnitude in two land-uses, therefore reaching the consensus that the land-use with a decrease in area was likely to have lost land to the land-use with an increase in area. In all situations the work of Adger and Subak [1996] and Adger et al. [1992] was used to help identify the most likely direction of land-use change. The land-use change matrix used in this study is displayed in Where 1 is the land-use most likely to have been created following a decrease in the area of the land-use being replaced, and 4 is the land-use least likely to have been created. Table 1 , indicating the preferential direction of land-use change. The limitations of making such land-use change direction assumptions must be considered during the analysis of results, as in reality all directions of land-use change are unlikely to have followed those suggested in the literature. Making these assumptions was the best method available as there was no record of the direction of land-use change available at the time of writing. It is acknowledged that all the land-use in existence in 1925 was unlikely to have been at SOC equilibrium, with some of this land likely to be adjusting from previous (unknown) land-use change. As the land-use history is not known prior to 1925 the model cannot be run to simulate the sink/source status of this land at this time. However, the average change in land uses for the decade 1925-1934 was assumed to be true if the UK had existed for the period 1915-1924, in this way equilibrium is not assumed at the start of the study period. The predicted directions of land-use change used in this study can be seen in Figure 1 . 
SOC Transition Times
[26] A lack of long-term field trials measuring SOC change on a continual basis following land-use change means that there is still a large amount of uncertainty over both the transition time and the rate of transition as soils approach a new SOC concentration. There is "no consensus" as to when SOC equilibrium will be reached following landuse change-with estimates ranging from 6 years to 100 years Smith et al., 1997] . Losses due to landmanagement change reported by Bellamy et al. [2005] , suggest that equilibrium may in-fact never be attained.
[27] To achieve a best approximation of the transition times over which a new SOC concentration will be reached we performed a literature review to identify the most realistic outcome. Although many studies were qualitative rather than quantitative in their reference to transition times, the information provided by each study was used to establish decay constants. A lack of literature specific to the UK meant that data from other countries was also consulted. Although it is acknowledged that SOC transition times are likely to be different in different countries and climates, this data was used as it was the best available substitute. It is suggested that once more experimental data specific to the UK is made available that this data is incorporated into this study and the transition times adjusted accordingly. The majority of studies reported exponential rates of change, enabling a decay constant to be calculated if the half-life was known, using equation (3):
If studies provided information on the time taken for a new SOC concentration to be reached, but not the half-life, then an estimate of the half-life was needed before an estimate of the decay constant could be made. In a number of cases an estimate of the half-life was possible using information provided on SOC concentrations at a number of intervals over the transition period. In situations where no information was provided on %SOC concentrations at intervals over the period of transition then an estimate of the number of half-lives gained from the other literature was used to estimate the half-life, as displayed in equation (4). The estimated decay constants from the literature review are displayed in Tables 2 and 3. [30] The decay constants from each study were combined to obtain a median decay constant for each land-use change transition. The lack of information in previous studies relating to transition times meant that when transition times were referred to it was very unlikely that they were specific to temporary and permanent pasture, with the majority of cases only referring to the land-use as pasture. All land-use transitions into or out of both temporary and permanent pasture were therefore ascribed the same values. Although this was considered to be the best assumption to make, given the available data, it must be realized that more confidence could be given to the results of the model if evidence showing the similarity in these transitions rates can be made. In the case of a land-use change into urban land it was considered that the change would occur immediately, as the soil would be removed from the site and all SOC would disappear instantly. In terms of transitions out of urban and into arable or pasture it was assumed that the transition would occur at a similar rate to that of a transition from arable to pasture, due to a similar extent of SOC change associated with such a land-use change. Although a large number of studies looked at transition times associated with arable to woodland, there was a lack of studies looking at any other change from woodland. It was therefore assumed 
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6 of 15 that these transitions would occur at similar rates. A lack of information on transition times in the literature, and a lack of measured data, means that these assumptions were made as they were considered to be the best approach available.
Sensitivity/Uncertainty Analysis
[31] In addition to the model run using the amalgamated database, simulations were also undertaken using several of the regional and country specific databases, in order to compare outputs generated using different SOC values.
Results

UK Land Use Change 1925-2007
[32] The percentage of land under both permanent and temporary pasture is lower in 2007 than in 1925 (Figure 2 ).
There was a slight increase in permanent pasture until 1939, followed by a sharp decrease into the early 1940s, and a steady decline thereafter. Permanent pasture at the beginning of this time period covered approximately 59% of the UK land area, and now covers less than 49%. The area under temporary pasture has fluctuated over the period, and has covered a significantly smaller area than permanent pasture throughout. Figure 1 displays several transitions out of temporary pasture over the period, with a notable transition to permanent pasture in the 1960s. The land area under arable crops has been second only to permanent pasture throughout the period, and has generally followed a reverse trend to that of permanent pasture, with a large increase in area in 1939, followed by several fluctuations in reverse to that of either permanent pasture or temporary pasture. Other notable fluctuations in arable land area were an increase in the early 1960s and a decrease in 1991. Land area under urban usage has increased very steadily over the period, retaining its position as the third greatest land-cover. Since 1925 it has gained approximately 50% of its original land area-increasing its percentage cover from 10% to approximately 15% by 2007. Land area under woodland increased most rapidly in the early 1960s and then at a steady and constant rate thereafter, to replace temporary pasture as the fourth most important land cover, resulting in a more than 50% increase in its percentage cover from 5% to greater than 10%.
SOC Concentrations by Land-Use
[33] There was an increase in SOC concentrations with land-use in the order: urban < arable < temporary pasture < permanent pasture < woodland (Tables 4 and 5) . SOC values for the same land-use did however differ between databases (Table 4) . This is to be expected due to some databases being regionally specific (e.g., Wallington) and others being specific to countries with large areas of organic and peat soils (e.g., NI and NSIS). It should also be noted that given the ranges of observed values it is possible that some landuse changes that would most commonly result in a SOC decrease may on occasion result in an increase and vice versa.
SOC Transition Times
[34] Figure 3 shows the variation in transition times depending on the land-use change in question, with SOC gains occurring at a slower rate than SOC losses. It can also be seen that the transition times used in this model differ greatly from the 20 year linear change assumed (as a global simplification) by the IPCC [see Smith, 2004] . Transition times used in this study are outlined in Table 6 . Figure 3 . Rate and direction of UK soil organic carbon change following land-use transitions. The land-use change transition refers to a change from the horizontal land-use to the vertical land-use column. A = arable; TP = temporary grassland; PP = permanent grassland; wood = woodland. 
SOC Flux
[35] The model predicts a 5% net gain in SOC stocks between 1925 and 2007 due to land-use change (Figure 4) , representing a gain of 102 Tg C. This equates to a median flux into the soil of 1.92 Tg C/year (inter-quartile range: 0.19-3.12 Tg C/year.) The greatest sink in any one year took place in 1993, with a flux into the soil from the atmosphere of 4.31 Tg C. The greatest loss of SOC to the atmosphere occurred in 1942, with a flux to the atmosphere of 12.3 Tg C. Other noticeable periods of carbon sequestration were during the entire decade of the 1950s, and for at least 20 years from 1970 into the early 1990s. Other than the emissions of 1942 there were also large fluxes of SOC to the atmosphere in 1961, 1964 and 2005 . Examination of Figure 5 reveals that from 1970 to 1994 the UK's SOC flux resulting from landuse change remained relatively constant, sinking an average of 3.10 Tg C/yr, representing a net gain in SOC stock of 0.2% per year. This trend, however, may be beginning to decline, with a gradual decrease in the extent of the carbon sink appearing from 1994 onwards, with an average sink of only 2.00 Tg C/yr, a gain of only 0.12% per year. The extent of the flux caused by transitions into and out of various land-uses over the entire period is compared in Figure 6 . The change in SOC stock over the entire period is shown in Figure 4 , and the timing and direction of yearly fluxes can be seen in Figure 5 . The cumulative SOC flux from land-use change is shown in Figure 7 .
[36] Predicted SOC fluxes differed greatly depending on the database used (Figure 8) , with the greatest total flux over the period predicted from the Wallington database, where a net gain in SOC content of 13.8% is compared to only 2.74% using the NSI values.
[37] The model used in this study predicts a 4.81% net gain in SOC stocks between 1978 and 2003 due to land use change, representing a SOC gain of 96.57 Tg C (3.86 Tg C/yr). This sink is greater than the maximum estimated loss of 2.5 Tg C/yr caused by climate change [Smith et al., 2007a] , suggesting that the carbon sequestered from land-use change will have offset that lost as a result of climate change. This sequestration of 3.86 Tg C/yr from 1978 to 2003 is also large enough to have offset some of the losses caused by land-management change over this period [Bellamy et al., 2005] , decreasing the total emissions to the atmosphere. The model used in this study predicts a gain of 28.0 Tg C over the period 1984 -1990 , in comparison to Howard et al.'s [1995 estimated loss of 32.6 Tg C.
Discussion
[38] From initial observation of the changing land-use from 1925-2007 (Figure 2 ), one might expect that the UK will have been a source of SOC to the atmosphere, due to the decrease in area of permanent pasture, increase in area of urban land, and very slight increase in arable area. The results presented above, however, indicate that this was not the case, and that the UK's soils have been a net sink of carbon. Figure 6 suggests that the majority of this sink is the result of land-use change into woodland, and conversion of arable land to permanent grassland. The greatest SOC loss to the atmosphere in 1942 of 12.3 Tg C can be explained by the large increase in arable land as a result of government persuasion to plough up large areas of permanent grassland [Holderness, 1985] during World War II. Two other large fluxes to the atmosphere caused by land-use change are evident in Figure 5 , for the years 1961 and 1964, and could also correlate with a second phase of arable expansion. Figure 6 , however, shows that some of these emissions were also the result of urban expansion. The modeling of individual land-use change shows that both carbon sequestration and carbon emission were occurring simultaneously at this time, and that some of the emissions from urbanization and arable expansion were being compensated for by the sinks associated with land-use change to woodland and conversion of arable land to grassland. Had the latter changes not occurred, the flux to the atmosphere would have been of an even larger magnitude. The greatest gain in SOC in 1993 could be in part the result of the introduction of setaside in the UK, in agreement with the situation in the U.S., where set aside has been responsible for a net increase in SOC . Although voluntary set-aside began in 1988, it was in 1993 that the Arable Area Payments Scheme came into force [Adger and Subak, 1996] . Investigation into the fluxes caused by arable to grass conversion (Figure 6 ), however, reveals that although there was an amount of sequestration caused by this land-use change, it equated to only 1.38 Tg C. This is similar to the figure of 0.8 Tg C quoted by King et al. [2004] for conversion of arable land to set-aside. The large emission in 2005, and the general decreasing trend in carbon sequestration from 1994 to the present-day can be explained by changes out of grassland, out of woodland and land-use changes into urban land ( Figure 6 ).
[39] The results of this modeling study not only provides information on how much of our GHG emissions over the last century can be ascribed to SOC, but may also help guide our future land-use change decisions. These results emphasize the importance of considering simultaneous landuse change decisions and how some SOC fluxes may be counteracted or added to by other land-use changes then or within a few years. This is important in terms of reacting to the current increases in GHG emissions, and the need to realize that what occurs in a single year can cause large emissions, and that these should be avoided given the aims to reduce GHG emissions. The model allows us to assess land-use change contribution to CO 2 emissions or sequestration on a yearly basis from 1925 to 2007, therefore revealing carbon fluxes that would otherwise be obscured if only the change in SOC flux at the beginning and end of the period were measured. The extent of the fluxes caused by some land-management changes (e.g., the emissions of 1942) may have been missed if this approach had been taken, due to counteraction by fluxes in the opposite direction in later years. Although Tomlinson and Milne [2006] assessed soil carbon changes from 1939 to 2000 in Ireland, they did this assuming that the total changes in land-use over this period occurred at an equal rate over the period. Such an approach does not therefore reveal the consequences of a rapid flux, such as that of 1942 in the UK, and cannot inform our understanding of the short-term effects of any such rapid changes in the future. Although some of the process-based models described in the introduction are capable of predicting the effects of multidirectional land-use change on an annual basis, the high input requirement means that these models have not been used to model the UK's land-use change SOC flux. Many process-based models require input data relating to the amount of leaf litter input for each landuse, its carbon and nitrogen contents, a monthly or sometimes daily temperature record, and information on soil texture and nitrogen deposition rates [Peltoniemi et al., 2007] .
[40] The results presented here help us to assess how changes in SOC as a result of land-use change have contributed to the UK's total GHG emissions. The UK's current industrial emissions are reported to be approximately 150 Tg C/yr [Bellamy et al., 2005; Ciais et al., 2009] . Although reference to Figure 4 shows that the carbon sequestered by land-use change was not a linear change in carbon stocks over the 82 year time period; if this was the case it would represent an increase in SOC stocks of 1.92 Tg C/yr. This suggests that on average, over the entire period, land-use change impacts on SOC have not contributed to UK emissions, and that land-use changes have in-fact sequestered carbon from the atmosphere. As discussed earlier however, assessing the contribution over such a large number of years does not reveal the extent of the contribution of some large yearly fluxes. The loss of 12.3 Tg C in 1942 represents greater than 8% of the current UK's industrial emissions. This figure bears much more relevance to our actions in current times, indicating that such land-use changes now could have severe consequences in the context of growing international pressure to reduce GHG emissions over a short time period. This loss, however, represented only 0.82% of the UK's estimated SOC stock at that time, and is therefore significantly smaller than the 10% change in global SOC stocks that would be needed to represent 30 years of global anthropogenic CO 2 emissions [Kirschbaum, 2000] . The sink of 4.31 Tg C in 1993 represents 2.87% of the current UK's industrial emissions. This indicates that although similar land-uses changes in the future could be made to offset some of the industrial emissions, many other changes besides land-use change must also be implemented if the targets of 34% reduced CO 2 emissions by 2020 are to be met.
[41] The results of this study suggest that the SOC sink provided over this period by changes in UK land-use have compensated for the quoted losses [Bellamy et al., 2005; Smith et al., 2007a] resulting from climate change, and offset some of the losses caused by agricultural land management change under continuous land-use. These findings do not contradict those of Bellamy et al. [2005] , but show that we should not assume that SOC emissions to the atmosphere have increased. Instead we must consider all forms of land-use and land-management change, and include all sequestration and emissions in calculation of total SOC change. The effects of increased productivity under a changing climate, and potential for improved agricultural technology on counteracting a tendency for climate change to speed decomposition, and thereby enhance SOC loss was also examined by Smith et al. [2005] , showing that increasing SOC sinks are possible under a changing climate.
[42] This research also allows us to assess the extent of the UK's carbon emissions in relation to other countries, and the land-use changes that they have made. The loss of 12.3 Tg C in 1942 is three to four times greater than the loss of SOC predicted from SOC models looking at the conversion of forest land to arable land in Brazil [Maia et al., 2009] . It is estimated that throughout the period 1985-2002 3.74 Tg C/yr were lost from the soil in Brazil [Maia et al., 2009] , though the largest losses from deforestation are in the lost vegetation. Although the loss estimated in this study for the year 1942 only occurred for one year, and is not a continual situation in the UK, it emphasizes the extent of the losses possible from UK land-use change, when the levels emitted from Brazil's rain forest deforestation are of great concern on a global scale.
[43] Caution needs to be taken when assessing the results from all model outputs, as Wutzler and Reichstein [2007] argue that using an observed carbon stock in a soil carbon model to represent equilibrium is incorrect because it is based on the assumption that the soil sample represents a soil at equilibrium. In this study we recognize that the SOC concentrations ascribed to land-uses may not be representative of soils at equilibrium, and that climate change and landmanagement change means that such equilibrium may never be reached. The SOC concentrations used in this model do though represent typical SOC concentrations for these landuses, and the scale of the sample size, and the use of such a large database should be considered as a more accurate model than those using much smaller databases on which to base their typical land-use SOC stocks [e.g., Maia et al., 2009] .
[44] The results show that the use of a regional database or a country specific database when attempting to estimate SOC fluxes on a scale as great as the UK will provide inaccurate results (Figure 8 ). When predicting fluxes for the UK the amalgamated database was considered the best source, as it is expected that the number of samples from different soil types will be representative of the area of these soil types in the UK. This is in comparison to a regional database where a large area of highly organic or mineral soil may skew the SOC values. This is represented by use of the Wallington database for predicting the UK SOC flux, where a large area of forestry exists on organic soils [Bell and Worrall, 2009] . In the case of the UK however, the approach used in this study is deemed more than satisfactory, and could not be improved given the land-use change information available.
[45] Although the SOC transition times used in this modeling study are only estimates, it is believed that these are the most accurate available, having been estimated using evidence from over 20 previous studies for both SOC losses and gains. In an ideal world transition times would be measured following land-use change, however the slow rate at which SOC adjusts to this change makes long-term trials difficult to conduct, and is the reason why such information is lacking .
[46] When interpreting the results it has been assumed throughout that any losses or gains in SOC are the result of either C sequestration from the atmosphere or a release of C to the atmosphere. One final point of caution is that some of this SOC loss following a land-use transition may not in-fact have been emitted to the atmosphere, and could actually have been lost to surface waters as dissolved organic carbon (DOC), dissolved CO 2 or leached into deeper soil layers. Although there is no evidence for increased dissolved CO 2 losses over time from the UK [Worrall et al., 2007] there is extensive evidence that DOC flux from the UK has increased. Worrall et al. [2009] has shown that DOC flux from the UK has increased from 0.8 Tg C/yr in 1975 to a peak of 1.9 Tg C/yr in 2003. Although the extent to which this is likely to have occurred is currently unknown, it implies that any of the quoted figures relating to carbon sequestration over this period should be adjusted upwards (to a larger C sink), as losses to the atmosphere may not be as great as initially thought.
[47] Although there are still many uncertainties involved in modeling the impact of past land-use on the UK's SOC stock, and SOC fluxes to and from the atmosphere, this study does reveal the order of magnitude to which land-use is affecting total atmospheric CO 2 concentrations, and therefore provides an insight into the importance of our future land-use change decisions.
[48] An evaluation of the model with real measured data would validate the model; however the nature of SOC concentration change and the long transition times means that lengthy field trials will be required. To validate the models use in all areas of the UK an extensive campaign of land-use change and SOC flux measurements should be implemented.
